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Ultrafast laser for laboratory-based plasma x-ray sources

~ Nd-YLF
== Nd:YLF

o Performance:
~ 8.5 W compressed pulse power




Ultrafast x-ray puilses at 2 kHz repetition rate

Laser pulse: 800 nm, 40 fs, 4 mJ, 2KHz
Average laser power before compressor : 13-15W
Average compressed power: 8.5W
Laser intensity: ~ 1016 W/cm?
X-ray flux @ 8keV: 101° photons / (s 4x sr)

¥_.Ran), T_Lee ¥W_Li, G. Kebwarno and C. RosePelinck, Opit Lellk 27 (2001)
¥..kang, T_ Lee and C. Rose-Peinck, ). Ot Soc. Am. B 20, (21403)



X-ray emission spectrum of 2-kHz source

X-roy flux [ ph /(s dxeraV) ]

X-ray photon enengy [ keV ]



Ultrafast laser-driven XAFS spectrometer
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Wire source




X-ray lens mounted on 3D Translation Stage

365 mm 38 .6 mm 12 6 mm
Focus 15— 5 — [——¢ Foms?2
385 mm 34 5 mm 147 mm
Focus 1 Focus 2
Focal Length J8.54H0.5 mm 147101 mm
Dhameier 1. mm 1.4 mim
$ 0044 rad | 25° 0095 rad /1 5.4°




Laser plasma x-radiation imaged into sample by x-ray lens
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Low-resolution x-ray spectrum after x-ray lens

E . '
2L
=
3
o 3008

o | No x-fays that could potenitally be

o M ! ‘] reflecied off Si{111) as high-hamonics.

—J\\/
. : ; : T T
6 8 0 12 24 16 - =

X-ray photon energy [ keV ]



3h



Independent XAFS parameters

:ZAkﬂRJrz

T Siem, E. A Phys.Rev. B 48, 98257 (1993)

N;

Ak=65A1 AR=12A=N=7

R(Fe-0)
c’ (Fe — O)
R(Fe—-C)
c’ (Fe — C),
So,E,-



Electron density isosurface of Fe{CO). in 10 Benzene
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. Structural deformations of solvated Fe{CO),

Densily Functional Theory Calculations
2 FTIR measurements and confomer distribuiion
» XKAFS measurements and molecular structure
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Normal vibrational modes of Fe{CO);

18 fundamenial vibrations

- Two C-O siretching modes, v; {A™;)
and vy {E’ ) are IR active

ril A1) wlAT

= The C-O stretching modes, vy {A’y)
is Raman aclive

= e 2,

wadE) wilE"l wlE’)



v;-IR absorption spectra of IPC in fluorinated benzenes
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Berry pseudorotation
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IPC-Bz structures at various solute-solvent distances

1 npl:: ~D,) 4(pc: ~c,)



Conformer data of IPC in fluorinated benzenes

From combined FTIR. =~ From tempeminre- dependent
and DFT data FTIR daia

Equilibinm  Average C, - Average C),-
distance (pm) at averape (kJ /mol) at averape (kJ /mol)

Solvent IPC---S dastance IPC---S distance
CH 330 16.0% 41
Bz 254 65.3% -16 61.6% -1.17
FB= 248 81 4% 37
PIBz 236 98 4% -10.2 89 4% 45

.iEII_],T EII]G_H{EE-FEIIH:H;J_HI}!‘-_EIHILB1HT{EI]B]



X-ray and infrared spectroscopy: Complementary methods probing
molecular structure and molecular symmetry

1
X-ray “view” of \ R
. i} molecular
interatomic
? symmefry and
distances
normal modes







XAFS spectrometer

MEcro-Focus
X-Ray Tube




&
Exp. XANE S specirum of IPC CH complex
Theor. XANF 5 specinem of PCOH complex
o o
Lo | Lo |
[ ] [ ]
energy [keV]

Theor. ron K-edge
1 IN| I“: 1 1 ]
il L |
= 1 ™M
photon

Experimental and theoretical XAFS spectra of IPC-Bz
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XAFS of IPC-Bz measured with laser plasma source
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Measured XAFS of IPC-Bz and multiple-scattering fit

—o—XAF 5 data

m— Multiple scatterng fit




Fourier transform of measured and fitted XAFS of IPC-Bz

FT(y k%)

0.020 -

0.015 -

0.010

0.005 -

—o—Experimental data
— Fitted data
—— Residual

20

100

150

200 250
Rr|:||:r’c phase corrected [PI'H]

300

350

400 450

500



Measured XAFS of IPC-Bz and multiple-scattering fit

—i=—¥AF S data

fii : = lultiple scattering fit
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Fourier transform of measured and fitted XAFS of IPC-Bz

—s—Experimental data
— Fitted data
— Residual
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Experimental and theoretical structural data of IPC-Bz

IPC-CH IPC-Bz IPC-Bz
X-ray sonrce Laser-dnven plasma Micro focns DFT resunlts
R(Fe-C) [pm] 1742 + 2 1813 + 1 181.4
R(Fe-O) [pm] 2917 £ 6 2044 + 25 2962
R(C-O) [pm] 1175 3.9% 113.1 -15% 114.8
o’ (Fo-C) [pm’] 175.0 1293
o' (Fe-0) [pnr] 153 57.5
Sy 0990 2471
E, [¢V] 0.7493 2412
Residnal 0.42 0.27

T.Lee, ¥__kang. and C_ Rose-Peinck, Chamical Physics, i press (AN

T Lee, Y. .kang, F. Benesdh, N Song and C. Rose-Peinack, SPIEE 51946 (2003)
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o Ultrafast XANES

Expecied ligand substitution dynamics of Fe{CO),
,  UXKAFS features of FE[CH}ﬁ"-
» Example: Simulation of uitrafast x-ray diffraction
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Possible photoinduced ligand substitution

1. (OC)Fe—H @

+ hv (A = 400 nm) ﬂ
H

2. (OC)fFe —f . CO



Theoretical XANES spectra for ligand substitution and dissociation

Fe{C0),-H-C.Hs

IPC-Bz distance = 250 pm

Fedigand bond distances increased by 10 pm

' c
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X-ray photon energy [eV]



Currently in the spectrometer ....
Excited state chemistry of iron hexacyanide in water

= b A e
e e DI

Fe(CN),~ = Fe(CN) +e CTTS

Fe(CNY. ™ 25 (Fe(CN),H,0) +CN~ Pholoaquation

./ Excitation photon wavelength < 270 nm: Charge Transfer To Solvent

_) Excitation photon wavelength < 400 nm: Photoaquation



XANES measurements of Fe{CN}.*> and Fe{CN).* in water

'EEEEEEEEEEEEEEELE
BOUBYIOND PRZ|ELLION

X-ray phoion energy [eV]



EXAFS measurements of Fe{CN).> and Fe{CN):* in water




Radial distribution function of Fe{CN).> and Fe{CN).* in water

1 100 130 a0 =0 -1 =1} 400



Structural parameters of Fe{CN);> and Fe{CN}:* in water

X-ray Smmr NELS | DFT reslis
Differenrs Differewrs
parametcr F(CN)I"  [FCNE pm g [FOCNM' [FCNLT  _w a
B(Fe-C) [pm] (Hi) 1876 = 02 1901 =+ 02 25+ 03 229 1995 35
RFe M)[pm](it) 3088+ 0F 3007 + dh 09+ 10 3212 3169 44
R(CHN) [pm](=lal) 1211 + 08 1196 &+ 07 15+ 10 1183 117 4 09

AFe-C) [p’] (i) 254 + 35 463 + 44 209 4 56
H(FeN) [pr?](i 539+ 37 375,33 1644 50

Coonknahon #-
Fe-C and Fe-N (fit) 49 4+ 02 66+ 03 17 + 03
Fe-C-N (fit) 12 + 06 12+ 06 043 09
Fo-C-N-C (fit) 01+ 08 07 + 07 06 + 11
E, [eV] (fi5) 30, 04 20, 04 10 4 05
Sy (fixed) 1.00 1.00
Residml 15 4% 16.6%

K-cdge posilion [cV] 12775 712875 10



Ultrafast laser-driven XAFS spectrometer
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UXANES at —30 ps, 0 ps, and +40 ps after photoexcitation

13 5

12

Mormalized absorbanos




Radial Fedigand bond lengths increase of Fe{CN).*-

: e T, e RS
Normallzed absorbanos




Simulation of ultrafast x-ray diffraction



The Lreflectron

t=550"fs
\

-

t=9280"fs

25 30 35 40 45 50 55
R (A)

B. Kohler, 11 _Krause, F. Riksi, G Rose Pelruck, R M Whilnell, KR Wilson, V.V Yakoviev, ¥_ Yan, S_ Mulamel,
J. Phys. Chem. 97, 12602 (1993)



-] distance [pm]

IH distance probability distributions

optimal chirp
250
300 'S
350
400 \‘ -‘4
450
positive chirp
250
300
400 “‘ t" - — - ' 4‘\ e
450

200 1000 1400 1800
tmme delay [fs]



Simulated diffraction pattern for Cu-K x-ray pulses

diffraction angle [degres]




Nuclear motions and ultrafast x-ray diffraction off L,

optimal chirp

-] cdlstarce [pm]

diffraction angle [degres]
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_ Future performances of laser plasma sources



X=ray flux (ph'dx st 8)

Comparison of laboratory-based hard x-ray sources

13 ] © A Eowe o Py Eee E, S0, 2200 (1994)
Ll ¥ D_Eder, etal, Appl Pioe B, 70, 211 (2000)
£ B Tomphios et o, Bev Sri Imtom 62, 3113 (1295) 10z, 200 m0, 200 fa,
+ M Yimhichs et all, Appd Phrs Lex 73 2393 (1995) - Sathwr Sy 10" ' %rm, Co sab
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T Foaxer at 2l Appl Piren B, 71, 15, (2001) '
| %~ A Eghent, ot o, Appl Firyn Let , B1, 328 (2007) e T 2ol
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Ultrafast fiber lasers for laser-driven x-ray sources?

Jouné 15, 30 ¢ Vol 36, Ne 12 / OPTICS LETTERS LR

Generation of high-energy femtosecond pulses in
multimode-core Yb-fiber

chirped-pulse amplification systems

A, Galvanauskas, G, C Choe, A, Hartharan, M E Fermann. and [ Harter

IMAA Amenion, Fee, T Wordridgs dvempe, (e Arbey, Mickges $0705-2774

Winwdiivnel] Dhimwsirallees 14, J00H1

e S T High power her lasers.
u! . o A Gaanaunsis.  Opical Soences | aboraliny, Ceniey for
] 1 i - = -
A n:“’f'hjfhmm o Uliralast Oplical Sdence, Univ. of Michigan, Ann Arbor,
Fig. 3. Moasured doubde-pass gain oed oabput energy nsa mlﬁmm m‘l 1ﬂ?1 4245
fupcthon of pulse-ropotition rie for o doubdo-prey Y {bor Absiad
amnplifer.
1 Recent advances n iber avd [aser dinde iecdmnoiges have led o
' (kb e lineear bz il ool be-amns: of sgle
L ransverse mide ually  Consxlermyg the sepalcani
3 04 pracical advanihaes of opical Ehees, s develngment is
el o profimndly alled laseriechnnl and simolale The use
Hnﬂ ok of lasers i a ange of pracicl appiciims.
,i 0.4
62
ﬂ.;l a7 ] 1 F)
Thma, ps-

Flg. 4. Autocormelotion trace and spectrum of amplifed
rocomnpresssd pulses




Scaling of laser plasma sources

Factor Flux Data acquisition
[phi1ke¥ s] tmme per delay step
Curmently detected flux H0 24 h
Crystal imagng oplcs 100 h000 1728 s
Liqurd metal source 100 H00000 017 s
Laser power upgrade {from 6 W to 20 W on tamet) 4 2 E+HDh 432 ms

Future fiber lasers, 10 kW, 1MHz (10 mJ / pulse) 500 1 E+09 86 4 us



Summary

*{ Previously unrecognized solvation structure of penta-
" coordinated complexes: Solvated Fe{CO), mostly C,,, C,,

UF-dynamics consequence: Coherence fransier fnrom reactant 1o product seems
posabie, Fe{CO). Solv ulirafast i-moleciular reaction sysiem

4" First system to produce usable kiiohertz hard x-ray flux:
about 10" ph /s 4x keV at 8 keV

#‘ First structural XAFS measurements with the laser plasma
source: few pm accuracy

t First observation of picosecond structural dynamics of
I\ solvated molecules (Fe{CN);*}

*el’ Next 2 years: Increase of detected x-ray flux: 10* - 105
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